Self-assembled heteroepitaxial BiFeO3 -CoFe2O4 (BFO-CFO) nanocomposite films were grown on (001) 
1.

Introduction
Controlling magnetization directly with an electric field (converse magnetoelectric effect) is important for many different applications because it enables energy-efficient writing of magnetic bits as well as efficient control over magnetic permeability. It has applications in assisted magnetic recording devices where reversibility can be attained through a 'thermal reset', for example by annealing the electrically strained heterostructures at 200°C in air for 0.5 h [15] . In contrast, the present work is aimed at reversible electrical control of magnetization. This is made possible by using PMN-PT(001) with x = 0.28 [22, 24] as an electromechanical substrate. This particular composition of the substrate offers certain distinct advantages. Firstly, this composition is close to the morphotropic phase boundary on the rhombohedral side and offers a nearly cubic lattice [26] [27] [28] even in the ferroelectric state with a lattice parameter a ∼ 4.02 Å and a rhombohedral angle of 89.9° at 300 K. Secondly, it does not exhibit any structural phase transitions [26] at and below room temperature, so that an electric field induced strain is almost independent of temperature. Lastly, weak hysteresis and time-dependent creep reported for extremely high strain levels of up to 0.6% [26] make it a versatile electromechanical substrate for electric field induced dynamic strain studies in films at and below 300 K. Our objective in using a PMNPT crystal with x = 0.28 was to apply a reversible biaxial strain [22, 24, 27] to the nanocomposite film, thus producing reversible control of the perpendicular magnetic anisotropy and hence the magnetization in the nanocomposite film.
Experimental Details
Two-phase self-assembled nanocomposite films can be grown by pulsed laser deposition in two different ways: i) ablating material from a single composite target [4, 29] , which contains all the desired constituents of the film at or near their final average concentrations, and ii) alternatingly ablating materials from two different targets in the appropriate ratio [10] [11] [12] 18] .
The latter approach offers a more flexible and precise control over film composition and quality [10] [11] [12] 18] . If the composite phases have weak mutual solubility, they will diffuse to separate out at a suitable growth temperature, forming nanopillars of one phase embedded in the matrix of the other [12, 30] . For the present study, nanocomposite BiFeO3-CoFe2O4 (BFO-CFO) films were grown on Pb(Mg1/3Nb2/3)0.72Ti0.28O3 (PMN-PT) (001) substrates (Atom Optics) by alternately ablating two separate commercially obtained targets of CoFe2O4 and BiFeO3
(Vinkarola Instruments, purity 99.999%). Growth temperature is a critical parameter for the separation of the two phases which ultimately determines the strain state of the constituent phases in the nanocomposite film [10, 18, 30] . In the present work, the nanocomposite film was grown at 650C which is high enough for phase separation of BFO and CFO [30] . As shown in our previous work [11] , BFO-CFO nanocomposite films grown at this temperature CFO at the growth temperature [30] . These are expected to occur because of the large lattice mismatch of ~ 5.8% between BFO and CFO. The vertical strain induced in both of the constituent phases (compressive in CFO and tensile in BFO) because of the epitaxially grown interfaces, has been reported for similar nanocomposites grown on different substrates having (001) orientation, such as BiFeO3-CoFe2O4 on SrTiO3 [19] , BaTiO3 [11] and Pb(Mg1/3Nb2/3)0.7Ti0.3O3 [15] . The residual strain induced by epitaxy at vertical interfaces has drawn considerable attention [36] in these types of nanocomposites, since it provides a tool for controlling the properties of the constituent phases, such as magnetic anisotropy [4, [10] [11] [12] 18] and critical transition temperatures [37] . Since CFO is a well-established magnetostrictive material with a large negative magnetostriction coefficient λ100 ∼ −5.9 × 10 −6 [38] , the small compression of ~ 0.4% in the CFO unit cell is expected to affect the magnetization hysteresis along both the pseudocubic 100pc in-plane direction of the film as well as along the film normal (out-of-plane direction). Room temperature M-H hysteresis loops measured in the in-plane and out-of-plane directions ( Fig. 3 (a) ) show a substantial remanence (Mr) for both orientations.
The magnetization value has been normalized with respect to the CFO volume in the composite film estimated from the total number of pulses used to ablate the CFO target. The remanence ratio Mr / Ms is 60% for the out-of-plane magnetization and 35% for the in-plane measurement (saturation magnetization in both cases is taken to be 400 emu.cm -3 [12] ). This shows that the nanocomposite film exhibits moderate perpendicular magnetic anisotropy.
To identify the source of this anisotropy, we calculated the anisotropy field after taking into account the different sources which contribute to the total energy of the film (for details, see references [12, 18] ). These sources include Zeeman energy, shape anisotropy, bulk Figure 3 (a) shows that our sample exhibits a moderate perpendicular magnetic anisotropy in contrast to the observed strong anisotropy reported in our earlier work [10] and in the work of some other authors [12, 15] . The weakness of the observed perpendicular anisotropy can be attributed to the small vertical compression of the CFO nanocolumns [10, 12] . This is also the reason behind the small coercive field ~ 0.5 T (out-ofplane), in contrast to values beyond 1T observed in strongly compressed CFO columns [10, 12, 15] .
Moderate perpendicular anisotropy resulting from the weak 'as-grown' strain in the CFO nanopillars is advantageous in this study over strong magnetic anisotropy because it allows us to modulate the magnetic properties of the film using a small strain, driven by an electric field applied across the thickness of the sample. We note here that the magnetic response of the nanocomposite film is entirely due to the CFO nanopillars. Bulk BFO is antiferromagnetic at room temperature (TN = 643 K) and though ferromagnetism has been reported for very thin BFO films [39] , it is expected to be negligible for our sample with film thickness ~ 200 nm.
An electric field of 7.5 kV/cm was induced along the substrate normal by applying a voltage of 300 V between the top and bottom silver paint electrodes sandwiching the nanocomposite film as shown in the schematic diagram of Fig. 1 (a) . 
Figure 3 Magnetization hysteresis loops for the BFO-CFO nanocomposites grown on a (001) oriented PMN-PT substrate, measured at room temperature (a) out-of-plane (black) and inplane (blue). In-plane (b), and out-of-plane (c) M-H loops measured with electric field E = 0 (black) and E = 7.5 kV/cm (red
